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Cytochrome aa3We have studied internal electron transfer during the reaction of Saccharomyces cerevisiaemitochondrial cyto-
chrome c oxidase with dioxygen. Similar absorbance changes were observed with this yeast oxidase as with
the previously studied Rhodobacter sphaeroides and bovine mitochondrial oxidases, which suggests that the re-
action proceeds along the same trajectory. However, notable differences were observed in rates and electron-
transfer equilibrium constants of speciﬁc reaction steps, for example the ferryl (F) to oxidized (O) reaction
was faster with the yeast (0.4 ms) than with the bovine oxidase (~1 ms) and a larger fraction CuA was oxidized
with the yeast than with the bovine oxidase in the peroxy (PR) to F reaction. Furthermore, upon replacement of
Glu243, located at the end of the so-called D proton pathway, by Asp the PR→ F and F→ O reactions were
slowed by factors of ~3 and ~10, respectively, and electron transfer from CuA to heme a during the PR→ F reac-
tionwas not observed. These data indicate that during reduction of dioxygen protons are transferred through the
D pathway, via Glu243, to the catalytic site in the yeastmitochondrial oxidase. This article is part of a Special Issue
entitled: 18th European Bioenergetic Conference.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
In aerobic organisms electrons that are extracted from nutrients are
transferred via a series of membrane bound respiratory chain proteins
to dioxygen. The free energy is conserved by translocation or pumping
of protons (or in some cases sodium ions) across the membrane and
stored in the electrochemical proton gradient. This is used, for example,
for transmembrane transport or synthesis of ATP. In mammalian and
Saccharomyces (S.) cerevisiae yeast mitochondria, O2 reduction is cata-
lyzed by cytochrome c oxidases (CytcOs) with electrons delivered by
cytochrome c. The ﬁrst electron acceptor from cytochrome c is CuA,
found in SU II, and electrons are then transferred within SU I via heme
a to the bimetallic catalytic oxygen-binding site, consisting of heme a3gative side of the membrane; p
educed CytcO; A, reduced CytcO
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46 8 153679.and CuB. These heme-copper oxidases are members of a diverse range
of homologous oxidoreductases [1,2]. The mammalian and S. cerevisiae
CytcOs belong to the large A-class of oxidases, which also includes
aa3-type CytcOs from many bacteria such as Rhodobacter sphaeroides
and Paracoccus denitriﬁcans [1,2]. Their O2 reduction reaction is energet-
ically linked to proton pumping across the membrane, from the
negative (n) side to the positive (p) side, with a typical stoichiometry
of one pumped proton per electron transferred to O2.
In the bacterial A-class oxidases, two proton pathways, denoted by
letters D (after a conservedAsp residue at the oriﬁce) andK (after a con-
served Lys residue within the pathway), have been identiﬁed based on
functional and structural studies. The K pathway transfers 1–2 protons
upon reduction of the catalytic site, while the D pathway transfers the
remaining substrate protons to the catalytic site as well as all pumped
protons. The structure and function of CytcO have been reviewed, for
example, in [3–12].
To date most investigations of the mitochondrial CytcOs have been
performed with bovine heart CytcO (Bos taurus, BtCytcO). However, in
recent years S. cerevisiae yeast CytcO (ScCytcO) has emerged as a
model mitochondrial CytcO in which effects of mutations on function
can be studied [13,14] (Fig. 1A). Both D and K pathways are conserved
between these twoCytcOs, apart fromminor differences that are unlike-
ly to be functionally relevant [13]. In ScCytcO the D pathway starts near
Asp92 (corresponding to Asp132 in the R. sphaeroides CytcO (RsCytcO)
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Fig. 1. (A)A structuralmodel of subunits I and II of the ScCytcO, based on theX-ray crystal structure of the equivalent subunits of thebovinemitochondrial enzyme. Shown is theD pathway
used for proton uptake duringO2 reduction. (B) A schematic illustration of the reaction of the reduced oxidasewith O2, based on earlier results with e.g. theRsCytcO and BtCytcO. Theﬁlled
and empty circles represent the reduced and oxidized redox centers, respectively. Flash photolysis of CO from the four-electron reduced CytcO yields the reduced enzyme, R (CS is the
catalytic site, i.e. heme a3 and CuB). Binding of O2 to heme a3 results in formation of A. Next, an electron is transferred from heme a to the catalytic site forming state PR. During the PR
→ F reaction at the catalytic site there is a fractional electron transfer from CuA to heme a, proton uptake to the catalytic site and proton pumping across the membrane. Finally, in the
last step of the reaction the electron from the CuA–heme a equilibrium is transferred to the catalytic site, linked to proton uptake and proton pumping across the membrane. The time
constants are from the present study.
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tance of ~25 Å towards the p side to Glu243 (Glu286 and Glu242 in
the R. sphaeroides and bovine CytcOs, respectively). In BtCytcO a third,
H (His) pathway was suggested to be used for the transfer of the
pumped protons [15–17]. Although there are structural differences be-
tween the ScCytcO and BtCytcO at the entry and exit regions of the H
pathway, the membrane-spanning part appears to be similar [13,14].
This pathway is less obvious in the bacterial CytcOs and substitution of
amino acids at positions equivalent to those of the H pathway in the
BtCytcO indicated that these residues are not involved in proton transfer
[18,19].
The kinetics of electron transfer and associated proton uptake
through the D pathway have been investigated, for example, using a
“ﬂow-ﬂash” approach that involves pre-reduction of all metal sites in
the presence of carbonmonoxide (CO), which binds to heme a3, follow-
ed by ﬂash photolysis of the CO ligand after addition of O2 (for review,
see [7,8,10,20–22]) (Fig. 1B). O2 binds with a time constant of ~10 μs
at 1 mMO2 to form ferrous-oxo compound A, followed in time by elec-
tron transfer from heme a to the catalytic site with a time constant of
30–70 μs (depending on the CytcO source). This results in O\O bond
cleavage and formation of a ferryl intermediate that displays anabsorption maximum at 607 nm, termed PR. In the next step, two pro-
tons are taken up from the n-side solution; one is transferred to the
catalytic site to form the ferryl state (termed F)with an absorptionmax-
imum at 580 nm while the other is transferred through a “pump site”
(presumably located “above” the hemes) and into to the p-side aqueous
phase. In the bacterial A-type oxidases, both of these protons are
thought to be transferred through the D pathway to Glu286 (RsCytcO
numbering, Glu243 in ScCytcO), which is the branching point for con-
nection to both the catalytic site and the proton exit pathways. Both
proton uptake reactions and proton release to the p-side display the
same time constant of ~100 μs at pH 7 [23,24]. Over the same timescale
there is a fractional electron transfer from CuA to heme a. Finally, the re-
maining electron in the equilibrated CuA–heme a is transferred with a
time constant of ~1 ms into the catalytic site, converting the F state
into the oxidized (O) form. As for the PR→ F reaction, this F→ O step
is also linked in time to the uptake of two protons from the n side and
release of one pumped proton to the p side.
With the bacterial A-type oxidases replacement of either Asp132 or
Glu286 (RsCytcO numbering; Asp92 or Glu243, in ScCytcO) by non-
protonatable analogs Asn or Gln, respectively, results in almost a
complete loss of enzymatic activity and impaired proton uptake from
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CytcO [26] the reaction stops at the PR state because the internal proton
donor (i.e. Glu286) to the catalytic site is absent. In contrast, in the
Asp132Asn structural variant (in which the entrance to the D pathway
is blocked) the PR→ F reaction still occurs because Glu286 can still
donate a proton to the catalytic site; the reaction stops at F because
re-protonation of Glu286 from the n-side solution is blocked [27].
Substitution of residues Glu243 and Asp92 (Fig. 1A) in the D path-
way of the ScCytcO resulted in lowered respiratory growth [14], which
indicates that the D pathway is also involved in proton transfer in this
mitochondrial CytcO. Furthermore, the Glu243Asp CytcO displayed a
catalytic activity of 50% of that of the wild-type CytcO [14], which is
similar to the decreases found with R. sphaeroides CytcO (~50%) [28],
P. denitriﬁcans CytcO (~60%) [29] and the Escherichia coli quinol oxidase
(80%) [30]. The two latter Asp variant bacterial oxidases pump protons
with a stoichiometry similar to that of the wild-type CytcO [29,30].
This study addresses two issues, motivated by suggested differences
in the roles of the D pathway for themitochondrial and bacterial A-type
CytcOs: (i) a comparison of the reaction rates of the ScCytcO and other
A-class oxidases studied earlier; and (ii) an analysis of the origin of
the lower Glu243Asp variant activity and the role of the D pathway in
the mitochondrial ScCytcO.2. Materials and methods
2.1. Growth and puriﬁcation
S. cerevisiae strains 6H-WT and 6H-E243DI, constructed as described
in [14] were grown in YPGal media andHis-tagged CytcOwild-type and
Glu243Asp variant were puriﬁed as described in [14].2.2. Preparation of fully reduced CO bound ScCytcO
The enzyme buffer was exchanged for 5mMTris pH 8.5, 0.05%DDM,
100 μMEDTAby concentration and dilution cycles (AmiconUltra, 15ml,
100 kDa). The sampleswere transferred to Thunberg cuvettes and, after
exchange of the atmosphere in the cuvette to nitrogen, the ScCytcOwas
reduced by 2 mM ascorbate and 1 μM PMS. The extent of reduction of
the hemes was monitored spectrophotometrically (Cary 400, Varian),
and when the ScCytcO was fully reduced the atmosphere was
exchanged with CO.2.3. Flow-ﬂash measurement
Fully reduced CO-bound ScCytcO was rapidly mixed in a stopped-
ﬂow apparatus with an oxygen-saturated buffer, 100 mM HEPES pH
7.5, 0.05% DDM and 100 μM EDTA, at a ratio of 1:5 or 1:2.5 for the
wild-type and Glu243Asp ScCytcO, respectively. The CO ligand was dis-
sociated by a ~10-ns laser ﬂash (532 nm, Quantel Brilliant Nd-YAG)
200–300 ms after mixing. This ligand dissociation allowed oxygen to
bind to heme a3. The subsequent oxidation of ScCytcO was monitored
bymeasuring absorbance changes as a function of time at several wave-
lengths (see ﬁgure legends).
To investigate the H/D kinetic isotope effect (KIE), experiments were
performedwith buffer and reactant solutions preparedwith D2O. The en-
zyme buffer solution was exchanged for 1 mM Tris, 100 μM EDTA and
0.05% DDM at a pH reading of 8.5 (see explanation why the pH-meter
reading and not pD is relevant here [31,32]) by concentration dilution
cycles (Amicon Ultra 15 ml). The enzyme was reduced under an atmo-
sphere of N2 with 2 mM ascorbate and 1 μM hexaaminoruthenium(III)
chloride, both added from stocks in D2O. The fully reduced CO-bound
enzyme was mixed 1:1 with 100 mM HEPES at a pH-meter reading of
7.5, 100 μM EDTA and 0.05% DDM. The pH-meter reading after mixing
was 7.5.3. Results
3.1. Handling of the ScCytcO
Some of the ScCytcO preparations precipitated slowly when left at
pH 7.5 at room temperature for extended periods, possibly due to
delipidation of the protein during puriﬁcation or to the presence of
the 6-His tag. However, all preparations were stable at pH 8.5, even at
a relatively low buffer concentration. Consequently, the ScCytcO–CO
complex was generated in an anaerobic solution at pH 8.5 with a low
buffer concentration and mixed with an O2-containing solution at a
high buffer concentration at pH 7.5 (with v:v ratios between 1:1
and 1:5, see the “Materials and methods”). The data obtained using
this method were the same as those obtained with a stable ScCytcO
preparation at pH 7.5 mixed with an O2-containing solution at the
same pH.
3.2. Reaction of the fully reduced wild type ScCytcO with oxygen
The black traces in Fig. 2 show the absorbance changes at different
wavelengths upon photolysis 200–300 ms after mixing the fully
reduced CO-bound wild-type enzyme with an oxygen-saturated buffer
at pH 7.5. These follow the same general pattern as with the well-
characterized BtCytcO and the bacterial A-type CytcOs (see the
Introduction) and so can be interpreted in terms of speciﬁc electron
and proton transfer reactions with the assumption that qualitatively
the same reactions occur. Dissociation of CO from the reduced heme
a3 at the time of the ﬂash (t=0) resulted in an initial rapid absorbance
increase at 445 nm (Fig. 2A). This was followed by a rapid decrease in
absorbance at 445 nm associated with oxygen binding to the reduced
heme a3 (R→ A) with a time constant of ~5 μs at ~1mMO2. After bind-
ing of O2, a further decrease in absorbance at 445 nm occurred with a
time constant of ~23 μs (Fig. 2A). This reaction was also associated
with a small decrease in absorbance at 580 nm (Fig. 2B) and can be pre-
sumed to be associated with the A→ PR reaction involving electron
transfer from heme a to the catalytic site to form state PR. The A→ PR
step is also seen at 595 nm (not shown). At 445 nm the A→ PR step
is followed by a small lag phase associated with electron transfer to
heme a during the PR→ F reaction (see below), which masks part of
the 23-μs A→ PR absorbance decrease. The time constant for PR forma-
tion was about the same as that in BtCytcO (~25 μs) and a factor of two
faster than that in RsCytcO (~55 μs) [33].
Assuming that the reaction sequence is the same as that determined
for the bacterial A-type oxidases, in the next (PR→ F) phase a proton is
transferred to the catalytic site to form the ferryl (F) state and a further
proton is ejected into the p phase. Both protons should be transferred
through Glu243, with Glu243 being reprotonated each time by proton
uptake through the D pathway from the n-side solution [34]. At the
same time the last (fourth) electron at CuA equilibrates with heme a.
Reduction of heme a and formation of F both contribute small
absorbance increases, seen only as lag phases, at 445 nmand 580 nmre-
spectively (Fig. 2A, B) in the 100–200 μs time range. This PR→ F step is
most clearly seen at 830 nm (Fig. 2C) where oxidation of CuA results in
an increase in absorbance with a time constant of ~90 μs (~70% of the
total amplitude).
In the ﬁnal step of the reaction, the fourth electron is transferred
from the equilibrated CuA–heme a into the catalytic site to form the
oxidized (O) state. As in the PR→ F step, this electron transfer is
also linked in time to proton transfer from Glu243 to the catalytic
site as well as to a proton translocation across the structure
and with rapid reprotonation of the Glu243 from the n phase. This
F → O reaction was associated with a biphasic decrease in
absorbance at 445 nm due to heme a oxidation (Fig. 2A) with
a main component (84%; τ ≅ 0.4 ms) and a minor component (16%;
τ ≅ 6 ms) (a one-component ﬁt gave an overall time constant of
~0.6 ms). The F → O reaction is also linked to a decrease in
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Fig. 2. Absorbance changes associated with reaction of the reduced wild-type (WT, black)
and Glu243Asp (E243D, red) mutant ScCytcO, and O2. (A) At 445 nm the absorbance
increase at time = 0 is associated with dissociation of CO from the reduced heme a3. It
is followed in time by a decrease in absorbance associated with binding of O2 (decrease
to about ΔA = 0) and electron transfer from heme a to the catalytic site forming PR,
although this absorbance change is masked by absorbance changes associated with the
next step of the reaction. The PR→ F reaction is seen as a small lag phase in the time
range ~100 μs–300 μs (this lag phase is distinguishable here upon comparison of the
wild-type and Glu243Asp, mainly because it is not seen with the structural variant
CytcO). The slowest decrease in absorbance is associated with ﬁnal oxidation of the
CytcO (F→ O); (B) At 580 nm the initial decrease in absorbance is associated with oxida-
tion of heme a forming PR. The lag phase in the time range ~100 μs–200 μs is associated
with the PR→ F reaction. This component is more clearly seen with the structural variant
of the CytcO as an increase in absorbance over a time scale 200 μs–1ms. Theﬁnal decrease
in absorbance is associatedwith the F→O reaction. (C) At 830 nm the absorbance change
at t=0 is associatedwith CO dissociation. The increase in absorbance at t N 0 is associated
with oxidation of CuA. Experimental conditions after mixing: 80 mM HEPES at pH 7.5,
100 μM EDTA, 0.05% DDM, and 1 mM and 0.9 mM O2 for the wild type and Glu243Asp
samples, respectively. Traces have been scaled to 1 μM of reacting enzyme and the wild
type traces at 445 have been multiplied by 1.35 to get the same ﬁnal oxidation level.
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Fig. 3. Solvent deuterium isotope effect on the reaction of reduced ScCytcOwith O2 as ob-
served at 445 nm. Experimental conditions for samples inD2O aftermixing: 50mMHEPES
at a pH-meter reading of 7.5, 100 μM EDTA, 0.05% DDM and 0.6 mM O2. Conditions for
samples in H2O: 80 mM and 70 mM HEPES at pH-meter reading 7.5, for the wild-type
and Glu243Asp samples, respectively, 100 μM EDTA, 0.05% DDM, and 1 mM and 0.9 mM
O2 for the wild type and Glu243Asp samples, respectively. The traces have been scaled
to 1 μM of reacting enzyme and the traces at 445 have been multiplied by 1.35 and 1.65
for the wild type ScCytcO in H2O and D2O, respectively, to obtain the same reduced-
oxidized total absorbance change.
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tion, and an increase at 830 nm due to oxidation of the remaining
~30% CuA with a time constant of ~0.6 ms.3.3. Reaction of the fully reduced ScCytcO Glu243Asp variant with oxygen
In the Glu243Asp mutant ScCytcO electron transfer from heme a to
the catalytic site during the A→ PR reaction was slowed by a factor of
~3 (τ ≅ 80 μs). This component is seen as a decrease in absorbance at
445 nm (Fig. 2A, red traces at t = 0–0.25 ms and ΔA = −30–0). As
indicated above, for the wild-type CytcO the A→ PR decrease in absor-
bance is masked by an increase associated with re-reduction of heme a
and it is therefore difﬁcult to directly compare the wild-type and
Glu243Asp traces. The subsequent increase in absorbance at 580 nm
(Fig. 2B) is associated with the PR→ F reaction and displayed a time
constant of ~300 μs, which is signiﬁcantly slower than that for the
wild-type CytcO (τ ≅ 90 μs). As outlined above, the PR→ F reaction in
the wild-type ScCytcO is associated with electron transfer from CuA to
heme a. With the Glu243Asp variant this electron transfer was not
observed, i.e. CuA remained reduced during the PR → F reaction
(Fig. 2C, red trace).
Theﬁnal F→O reaction resulted in absorbance decay at 445nm, and
again displayed two components with time constants of ~2 ms and
~15 ms, respectively, with approximately equal extents (Fig. 2A).
Thus, the contribution from the slow component was signiﬁcantly
larger than that for the wild-type ScCytcO. Two kinetic components
were also observed at 830 nm (Fig. 2C) with approximately the same
time constants as those at 445 nm, with amplitude contributions of
~65% and ~35%, respectively.3.4. Deuterium isotope effects on the A to P and F to O transitions
The experiments at 445 nmdescribed abovewere repeated in D2O at
a pHmeter reading of 7.5 (Fig. 3, blue and green traces for thewild-type
and Glu243Asp variant, respectively). Previous studies with e.g. the
BtCytcO showed that the F→ O reaction displayed the largest kinetic
isotope effect (KIE, i.e. the ratio of the rates measured in H2O and D2O,
respectively) [31,32,35–37]. For the wild-type ScCytcO the two kinetic
components of the F→ O reaction were slowed by factors of 2.5 and
2.7, respectively, while for the Glu243Asp mutant ScCytcO the effect
was smaller (factors of 1.7 and 1.4, respectively).
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We have investigated the kinetics of electron transfer in the wild-
type and Glu243Asp variant ScCytcOs. The modiﬁed residue is located
at the end of the D pathway and has been suggested to be a proton
donor to both the pump site and the catalytic site in bacterial CytcOs.
In contrast, in mitochondrial BtCytcO it has been suggested that the
pumped protons are transferred through a different H pathway [15,
16], while the D pathway and/or K pathway are used exclusively for
proton transfer from the n side of the membrane to the catalytic site
[17].
For the wild-type ScCytcO, essentially the same four kinetic compo-
nents were observed as for the BtCytcO and RsCytcO, corresponding to a
reaction sequence of:
R→A→PR→F→O
(for review, see [7,8,10,20,21]). The time constants of these reactions
were also similar to those determined for other CytcOs, though with
minor differences.
During thePR→ F reaction, ~70% of CuA became oxidized (10% stan-
dard deviation of three measurements, see Fig. 2C, increase in absor-
bance over a time scale ~0–200 μs), which is slightly larger than that
with the BtCytcO (~60%) and RsCytcO (~50%) [33]. This electron trans-
fer arises from equilibration of an electron between CuA and heme a
and indicates that the midpoint potential of heme a is approximately
~25mVmore positive than that of CuA (when F is formed at the catalyt-
ic site) for the ScCytcO (the ΔEms for the BtCytcO and RsCytcO were
~10 mV and 0 mV, respectively).
Binding of O2, PR formation and the PR→ F reaction in ScCytcO
displayed roughly the same time constants as in RsCytcO and
BtCytcO. However, the main component of the ﬁnal F→ O step in
ScCytcO was faster (τ ≅ 0.4 ms) than that in BtCytcO (τ ≅ 1 ms) and
RsCytcO (τ ≅ 1.3 ms) [10,33,38]. This difference in time constants is
qualitatively consistent with the increased extent of electron trans-
fer to heme a in the PR→ F step (see above) since the F→ O reaction
rate was determined, at least in part (see more detailed discussion
below), by the electron distribution between CuA and heme a.
Two kinetic components were associated with the F→O reaction of
ScCytcO. In thewild-type, themain component (~84%) displayed a time
constant of ~0.4 ms, and the remaining ~16% displayed a time constant
of ~6 ms. The minor component could originate from a sub-population
of the ScCytcO. However, processes that are slower than themain F→O
oxidation phase have been observed also with other CytcOs. For exam-
ple, with the RsCytcO a slow proton uptake was observed over a time
scale of ~5 ms after the ~1.3 ms phase of the F→ O redox transition
[33,39]. Furthermore, in an Asn139Asp mutant of RsCytcO the 445 nm
F→ O absorbance changes were also biphasic and the fraction of the
slow component correlated with the proton-pumping stoichiometry
(unpublished data and [40]). In addition, Wikström and colleagues
have suggested that the product of the reaction of CytcO with O2 is a
metastable “activated” state of the enzyme, which presumably sponta-
neously decays into the relaxed O state [5,41]. Such phenomena may
contribute to the biphasic absorbance changes that are observed in the
reaction of conversion of F into the stable O form.
With the Glu243Asp variant ScCytcO the PR→ F reaction rate was
slowed by a factor of ~3 to ~300 μs. This effect is similar to that observed
for the equivalent mutation Glu286Asp in RsCytcO, where the reaction
was slowed by a factor of ~5 [28]. Earlier studies with bacterial CytcOs
such as RsCytcO have shown that the PR→ F rate reﬂects the proton
transfer rate from Glu286 (Glu243 in ScCytcO) to the catalytic site [27,
34]. Consequently, a slower rate is qualitatively consistent with the
shorter side chain of Asp, leading to a larger distance for proton transfer
and/or disruption of the hydrogen-bonded proton pathway to the cata-
lytic site. Yet another possibility is that the pKa of Asp243 is lower than
that of Glu243 such that the Asp is not fully protonated at the pH of themeasurement, which would also slow down the overall PR→ F reac-
tion [34]. Regardless of its physical origin, the slowed PR→ F reaction
rate in the Glu243Asp variant ScCytcO indicates that the D pathway is
involved in proton transfer to the catalytic site also in mitochondrial
ScCytcO, which is in accordance with earlier suggestions [17].
Both kinetic phases of the F→ O reaction were also slowed in the
Glu243Asp mutant ScCytcO. The ﬁrst of these decreased by a factor of
~5 (from ~0.4 ms in the wild-type to ~1.8 ms in the Glu243Asp mutant
ScCytcO),while the seconddecreased by a factor of ~2 (from~6mswith
the wild-type to ~14 ms in the Glu243Asp mutant ScCytcO). However,
the relative fraction of the slow component increased signiﬁcantly at
both 445 and 830 nm (Fig. 2), increasing the overall halftime of F→ O
by a factor of ~10. Slowing of the F→ O reaction was also observed in
the corresponding Glu286Asp mutant of RsCytcO, though in this case
the overall time constant increased by only a factor of ~1.4. While the
PR→ F reaction is determined by proton transfer fromGlu286 (RsCytcO
numbering) to the catalytic site, the F→O determinants aremore com-
plex [6,42]. Data fromearlier studies indicate that the F→O ratemay be
limited by the release of a proton that is pumped during this reac-
tion [21,43]. In addition, as already noted above, the F→ O rate is in
part determined by the fraction of reduced heme a and in part by the
proton-transfer rate from Glu286 (Glu243 in ScCytcO) to the catalytic
site. Thus, its slower rate in the Glu243Asp mutant is qualitatively con-
sistentwith slower proton transfer fromAsp243 to the catalytic site and
the lack of electronic equilibration from CuA towards heme a during the
PR → F (τ ≅ 300 μs) reaction, compared to the wild-type ScCytcO
(Fig. 2C, red trace). Results from earlier studies have shown that in the
wild-type CytcO this electron transfer is triggered by re-protonation of
Glu286 (R. sphaeroides CytcO numbering) after proton transfer from
Glu286 to the catalytic site [27,44]. Thus the absence of electron transfer
could be due to delayed re-protonation of the Asp243 after proton
transfer from Asp243 to the catalytic site. Alternatively, as outlined
above, the pKa of Asp243 could be lower than that of Glu243 such that
Asp243 is always unprotonated, i.e. the PR→ F and F→ O reactions in-
volve proton transfer from solution to the catalytic site, via an
unprotonated Asp243.
The conclusion that the release of the pumped proton may control
the F→ O rate was in part reached on the basis of observation of a rel-
atively large KIE of ~7 for the F→ O reaction and speciﬁcally for the re-
lease of the pumpedproton [43]. This effectwas signiﬁcantly larger than
that for proton uptake through the D pathway (~2) [43]. For wild-type
ScCytcO the KIE of the F→ O reaction was 2.5 (2.7 for the slower com-
ponent), which is signiﬁcantly smaller than that for the RsCytcO (~7),
but closer to the values obtained with the BtCytcO (2.5–4, [31,35]).
With the Glu243Asp variant of ScCytcO an even smaller KIE of 1.7 (1.4
for the slower component) was observed (Table 1). Even though with
the bacterial CytcO the large KIEmay reﬂect events linked to the release
of the pumped proton [43], a large KIE is not an essential feature of re-
action steps linked to proton pumping. Nevertheless, these data show
that the rate-limiting steps of the PR→ F and F→ O transitions with
the ScCytcO involve proton-transfer reactions and that these reactions
in the ScCytcO resemble those of the mitochondrial BtCytcO rather
than those of the bacterial RsCytcO.5. Conclusions
The data from this study show that during reaction of the reduced
ScCytcO with O2 essentially the same sequence of absorbance changes
is observed as with the RsCytcO and BtCytcO, which indicates that the
reaction proceeds along the same trajectory in all these enzymes. Signif-
icant slowing of the A→ PR, PR→ F and F→O steps occurred upon re-
placement of Glu243 by Asp, which conﬁrms that the D pathway is
indeed a functional proton pathway in ScCytcO. Further experiments
with other variants of the yeast enzyme will be required to address its
speciﬁc roles in substrate proton delivery and proton pumping.
Table 1
Rates and time constants (in parentheses) of the reaction steps after binding of O2 to the reduced ScCytcO. Two components were observed for the F→ O reaction. The fractions of these
components are given for the data obtained at 445 nm. Standard errors were typically ≤10% of the measured values (standard error, 3 measurements with different samples). In cases
when larger values were obtained they are given in the table. The data obtained with the BtCytcO and RsCytcO are from [22,28,33,35,45,46].
H2O/D2O A→ PR PR→ F F→ O1st F→ O2nd
ScCytcOWT H2O 44,000 s−1
(τ ≅ 23 μs)
10,800 s−1
(τ ≅ 90 μs)
2600 ± 400 s−1 (84%)
(τ ≅ 0.4 ms)
160 s−1 (16%)
(τ ≅ 6 ms)
ScCytcOWT D2O 18,000 s−1
(τ ≅ 55 μs)
ND 1100 s−1 (80%)
(τ ≅ 0.9 ms)
60 s−1 (20%)
(τ ≅ 17 ms)
ScCytcO Glu243Asp H2O 13,000 ± 2000 s−1
(τ ≅ 77 μs)
3300 s−1
(τ ≅ 300 μs)
560 ± 100 s−1 (50%)
(τ ≅ 1.8 ms)
70 ± 10 s−1 (50%)
(τ ≅ 14 ms)
ScCytcO Glu243Asp D2O 8700 s−1
(τ ≅ 110 μs)
ND 330 s−1 (50%)
(τ ≅ 3.0 ms)
50 s−1 (50%)
(τ ≅ 20 ms)
BtCytcO H2O 25–30 μs 65–80 μs 0.9–1.1 ms –
BtCytcO D2O 45 μs 130 μs 3 ms –
RsCytcO, WT H2O 30–70 μs 110–160 μs 1.2–1.4 ms –
RsCytcO, WT D2O 110 μs 240 μs 8–9 ms –
RsCytcO, Glu286Asp H2O ND 560–800 μs 1.8 ms –
RsCytcO, Glu286Asp D2O ND 2 ms 4.5 ms –
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